There is increasing recognition of the importance of niche optima in the shift of plant-plant interactions along environmental stress gradients. Here, we investigate whether deviation from niche optima would affect the outcome of plant-plant interactions along a soil acidity gradient (pH ¼ 3.1, 4.1, 5.5 and 6.1) in a pot experiment. We used the acid-tolerant species Lespedeza formosa Koehne as the neighbouring plant and the acid-tolerant species Indigofera pseudotinctoria Mats. or acid-sensitive species Medicago sativa L. as the target plants. Biomass was used to determine the optimal pH and to calculate the relative interaction index (RII). We found that the relationships between RII and the deviation of soil pH from the target's optimal pH were linear for both target species. Both targets were increasingly promoted by the neighbour as pH values deviated from their optima; neighbours benefitted target plants by promoting soil symbiotic arbuscular mycorrhizal fungi, increasing soil organic matter or reducing soil exchangeable aluminium. Our results suggest that the shape of the curve describing the relationship between soil pH and facilitation/competition depends on the soil pH optima of the particular species.
Introduction
Plant -plant interactions (competition or facilitation) play an important role in structuring plant communities [1, 2] . Facilitation and competition can act simultaneously on plant performance, and the net outcome of such interactions is defined as the sum of the two effects [1, 2] . The stress gradient hypothesis (SGH) predicts that the net outcome will be competition when environmental stress is minimal but will change to facilitation as environmental stress increases [1] . The SGH has been widely supported by experimental, descriptive and modelling studies [1] [2] [3] . Recent studies, however, indicate that the SGH does not apply to all plant communities [4] [5] [6] [7] .
Some studies have indicated that the relationship between plant -plant facilitation and stress level may show a hump-shaped curve, with competition occurring in the mild environments, facilitation at intermediate level of stress and competition again with severe stress [6] . Other studies have reported that a U-shaped curve would occur when the stress tolerances of species are considered [5, 7] . For example, when the conditions were near the target plant's ecological optimum, competition occurred; as conditions departed from the target plant's ecological optimum, however, facilitation occurred [5, 7] . Recently, a new conceptual framework for the SGH was developed that incorporated the stress tolerances and ecological optima of the interacting species [8, 9] . This new framework, as above, proposes that facilitation is common when species are near their distributional limits and that competition is common when species are near their distributional optima [5, 8] . This framework has been supported by several studies under water or light limitation [5, 7] . Here, we present a study of how the acid tolerance of species affects the outcome of plant -plant interactions along a soil acidity gradient.
Soil acidification is a serious problem worldwide [10] . Soil acidification often reduces plant growth by directly inhibiting root elongation and root function [10] or by indirectly changing soil properties (e.g. by reducing phosphorus (P) absorption and soil microbial activity or by increasing aluminium (Al) toxicity) [10, 11] . Studies have shown that plant species differ in their tolerance to soil acid stress, with each plant species having an optimal soil pH [12] . In addition, acid-tolerant plant species can ameliorate acid soil conditions by reducing Al toxicity, promoting soil microorganisms (e.g. arbuscular mycorrhizal fungi, AMF) and increasing soil organic matter [13, 14] . Thus, it is possible that an acid-tolerant neighbour can help an acid-sensitive target under soil acidity stress, resulting in facilitation between the neighbouring plants. We therefore hypothesized that facilitation occurs when soil acidity deviates from the target's acidity optimum while competition occurs close to this optimum. To test this hypothesis, we conducted a pot experiment that included a soil acidity gradient.
Material and methods (a) Plants and soil
Three legume species (Lespedeza formosa Koehne, Medicago sativa L. and Indigofera pseudotinctoria Mats.) were used in our experiments (electronic supplementary material, S1). Lespedeza formosa was used as the neighbour, and M. sativa and I. pseudotinctoria were used as the targets. Soil was collected from an abandoned tea garden (30840 0 N, 119839 0 E) in Anji City, Zhejiang Province, China (electronic supplementary material, S1).
(b) Experimental design
The experiment had a 4 Â 2 factorial design with soil pH (3.1, 4.1, 5.5 and 6.1) as one factor and the presence or the absence of the neighbour plant as the second factor. The soils with various pH values were prepared by adding H 2 SO 4 or CaCO 3 to the air-dried original soil (electronic supplementary material, S2). Regarding the second factor, each of the two target legumes (I. pseudotinctoria and M. sativa) was planted alone or with L. formosa as the neighbour.
Mesocosms (37 cm long Â 26 cm wide Â 23 cm high) that each contained 20 kg of the prepared soil received one target seedling alone (representing the 'without neighbour' treatment) or received one target seedling and one neighbour seedling (representing the 'with neighbour' treatment; electronic supplementary material, figure S1 ). Seedlings of the three species were grown separately in a tray and transplanted one month after germinating. For each target species, each combination of factors was represented by five replicate mesocosms, giving a total of 40 mesocosms for each target legume. The mesocosms were arranged in a fully randomized manner in a greenhouse.
After six months, all target plants were harvested from the mesocosms. Biomass, P content in shoots, AMF colonization and spore numbers, soil organic matter, and Al concentration in soil were measured (electronic supplementary material, S3).
(c) Data analysis
The optimal soil pH was determined based on biomass in the absence of a neighbour; we assumed that plants gain the greatest biomass under the optimal soil pH. Confidence intervals were estimated by bootstrapping in R v. 3.1.3 (electronic supplementary material, S4).
The relative interaction index (RII) [15] was calculated as
where B W is the biomass of the target plant with neighbour and B O is the biomass of the target plant without neighbour. For the calculation of each RII, B W and B O were in the same block. For each target species, the deviation from soil pH optimum was calculated by subtracting the pH optimum of the target from the pH of the soil. A linear fit for the correlation of RII and the deviation was performed with OriginPro v. 9.0.0 SR2 b87 [16] .
The differences between RII values and zero at each pH level were tested by t-tests. RII values significantly higher than 0 indicate a positive effect of the neighbour on target performance (facilitation), whereas values significantly lower than 0 indicate a negative effect of the neighbour on target performance (competition).
The effects of pH on RII, biomass, AMF, organic matter and soil exchangeable Al were assessed with the general linear model in SPSS v. 16.0 (electronic supplementary material, S4).
Results (a) Optimal pH values of the target species
The curve describing the relationship between biomass and soil pH was unimodal for both I. pseudotinctoria and M. sativa (figure 1a). The optimal pH was 4.64 (95% CI: 4.638, 4.642) for I. pseudotinctoria and 5.14 (95% CI: 5.139, 5.144) for M. sativa (figure 1a). rsbl.royalsocietypublishing.org Biol. Lett. 12: 20150925
Discussion
Integrating stress tolerances and ecological optima of interacting species into the SGH can help elucidate how environmental stress affects plant-plant interactions (competition or facilitation) [8, 9] . Evidence from light-or water-limited systems [5, 7] suggests that facilitation occurs only when beneficiary species are in environments that deviate from their niche optima and neighbour species are able to alleviate the abiotic factor causing stress. Facilitation only occurred consistently in our study when neighbours were able to alleviate soil acid stress by improving soil; under such stress the focal species deviated from their niche optima. In our experiment, the biomass of the neighbour plant L. formosa was not affected when pH levels were at 4.1-6.1 (electronic supplementary material, S5 and figure S2 ). Competition between neighbour and target occurred when the soil pH was near the optimum of the target species. For example, at a soil pH of 4.1, which was near the optimum for I. pseudotinctoria (figure 1a), I. pseudotinctoria grew well and competed for resources with the neighbour (electronic supplementary material, S6 and figure S3 ), resulting in a negative RII (figure 1b). When soil pH deviated from the optimum, however, the target plants (I. pseudotinctoria and M. sativa) experienced stress, and the acid-tolerant neighbour (L. formosa) benefitted the target plants (by enhancing biomass; electronic supplementary material, S7 and figure S4 ) by ameliorating soil conditions (e.g. by promoting AMF, increasing soil organic matter or reducing soil exchangeable Al; figure 2 ). Deviations from niche optima provide a basis on which to improve prediction of the outcomes of plant -plant interactions along environmental stress gradients [7, 8] . The relationship between deviation from niche optima and the outcomes of plant -plant interactions has been tested under resource-limited systems (water, light and soil nitrogen) [7] . In our experiment, there was a positive linear relationship between RII and the deviation of soil pH from the optimal pH for both target species (figure 1c), suggesting that relationships between plant -plant interactions and acidity gradients can be predicted when the optimal pH levels of target plants are considered. Because only two target species and four soil pH levels were used in our experiment, further studies with additional target plant species and pH levels are needed.
The niche optimum of a particular target plant species has been proposed to be important for predicting the relationship between stress and facilitation/competition [8] . Our results agree with reports indicating that the difference between a target's optimal value for a variable and that variable's value in the environment should be considered when assessing the SGH [5, 8, 9] . Our results also support the view that studies of plant interactions and the use of plant -plant interactions in restoration and conservation should consider the optimal niches of target species [5, 7, 8] .
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